Hemodynamic pulmonary arterial hypertension (HPAH) is a common symptom in congenital heart disease (CHD) patients with a left-to-right shunt. Endothelial NO synthase (eNOS) and endothelial-like progenitor cells result in significant improvement of right ventricular systolic pressure in established pulmonary arterial hypertension (PAH) models. We hypothesized that bone marrow (BM)-derived endothelial progenitor cells (EPCs) and eNOS would prevent HPAH in a newly established rat model. The heNOS gene was cloned into a PSUCMV vector, and a high-titer adenovirus was generated. Mononuclear cells (MNCs) from rat BM were differentiated into EPCs by treatment with various cytokines, and a high purity of EPCs (470%) was confirmed using the markers DiI ac-LDL, UEA-1, vWF and Flk-1. An ideal rat HPAH model was successfully established based on right lung lobectomy, and was confirmed by pressure measurement and histological staining. heNOS was successfully transfected into EPCs, which were then transplanted into HPAH rats. Two weeks after transplantation, the systolic pulmonary arterial blood pressure (sPAP) was significantly reduced by heNOS-EPCs treatment and by transplantation of control EPCs. The high number of muscular pulmonary arteries and the thickness of the muscular coat characteristic of HPAH rats were clearly reversed or even restored to normal levels following transplantation of EPCs, particularly eNOS-EPCs. These findings indicate a critical role of eNOS in HPAH treatment and suggest that eNOS-transfected EPCs may provide an effective strategy for HPAH treatment in CHD patients.
INTRODUCTION
Pulmonary arterial hypertension (PAH) is a progressive, fatal disease that is clinically characterized by increased pulmonary arterial blood pressure and structural remodeling of the pulmonary vasculature. [1] [2] [3] This vascular remodeling leads to structural changes, occlusion of pulmonary arteries and increased pulmonary vascular resistance. 4, 5 In congenital heart disease (CHD) patients, if the defect is large and involves a left-to-right shunt, the pulmonary vasculature is exposed to high systemic arterial pressure with increased blood flow and shear stress, and these factors lead to progressive pulmonary vascular injury and hemodynamic pulmonary arterial hypertension (HPAH). 6 As shunting is chronic, the pulmonary vascular resistance may eventually exceed the systemic vascular resistance and result in a reversed rightto-left shunt and right heart failure.
Many studies have shown that the pathology of PAH is strongly associated with dysfunction of the pulmonary vascular endothelium, which leads to imbalances in the production and release of both vasodilators, such as nitric oxide (NO) and prostacyclin, and vasoconstrictors, such as endothelin-1 and serotonin. 2, 7 NO is a potent pulmonary arterial vasodilator that has many roles in vascular smooth muscle relaxation, arterial vasodilation, increased blood flow, inhibition of platelet activation and vascular smooth muscle cell proliferation, and so on. 8, 9 NO has also been implicated in pathophysiological states, such as septic shock, hypertension, stroke and neurodegenerative diseases. 3, 10 NO synthesis is regulated by a family of NO synthase enzymes (NOS), and endothelial NOS (eNOS) generates NO in blood vessels and is involved in the regulation of vascular function. 8, 11 eNOS is regulated by several vasoactive factors and physiological stimuli, including hypoxia, inflammation and oxidative stress. 12 The eNOS level in the pulmonary vasculature was shown to be reduced in PAH patients. 13, 14 eNOS-deficient mice were found to have increased susceptibility to the development of pulmonary hypertension in response to other endogenous stimuli. 15, 16 The impact of NO is reflected in its therapeutic role in PAH. Inhaled NO and eNOS were found to effectively alleviate PAH in rats. 17 However, the exact mechanisms of eNOS and NO dysregulation in PAH have not been fully elucidated.
Endothelial progenitor cells (EPCs) are a population of rare cells that circulate in the blood and have the ability to differentiate into endothelial cells (ECs), which form the lining of blood vessels. 18 EPCs have important roles in the maintenance of endothelial integrity, function and postnatal neovascularization. 19 Kocher et al. 20 demonstrated that adult bone marrow (BM) EPCs can differentiate into mature ECs in response to VEGF treatment or ischemic stimulation. In another study, the transplantation of circulating EPCs restored the endothelial function of rabbit carotid arteries, and young adult BM-derived EPCs restored aging-impaired cardiac angiogenic function. 21 As dysfunction of the pulmonary vascular endothelium is one of the major causes of PAH, many researchers have studied the possible applications of EPCs for PAH therapy. Takahashi et al. 22 successfully transplanted EPCs into dog lungs and thereby alleviated dehydromonocrotaline-induced pulmonary hypertension. Zhao et al. 23 reported that BM-derived endotheliallike progenitor cells alleviated monocrotaline-induced PAH.
To study PAH, it is preferable to establish an improved animal model. Three major methods have been used to date to create animal models of PAH: hypoxia induction, 24 drug induction (monocrotaline, ferric chloride, bleomycin and so on.) 25 and surgical induction. 26 Leftto-right shunts are usually accompanied by HPAH in CHD patients and are commonly encountered in cardiac surgery; however, the pathology of this type of HPAH cannot be simulated by animal models based on hypoxia or drug induction. The establishment of an improved model for HPAH in CHD patients will be very useful for the improvement of clinical therapy.
In the present study, we established a new rat model of HPAH. To explore the potential roles of eNOS in HPAH, heNOS was introduced into EPCs and its efficacy was investigated in the rat model. We found that excision of the right lung successfully induced HPAH in rats, and that HPAH was significantly reversed by the transplantation of heNOS-transfected EPCs and clearly alleviated by the transplantation of vector-or PBS-transfected EPCs.
MATERIALS AND METHODS

Cell isolation and identification
All animal studies were approved by the animal care committee at Fudan University. Eight-week-old male Wistar rats weighing 180-200 g were obtained from the Shanghai Experimental Animal Center, Chinese Academy of Sciences. BM was aspirated from the long limb bones. Mononuclear cells (MNCs) were isolated by density gradient (Ficoll, Sigma, St Louis, MO, USA) centrifugation at 2000 g or 30 min. BM-MNCs were resuspended in conventional Dulbecco's Modified Eagle's Medium (DMEM, Low Glucose; Sigma) with 10% fetal calf serum (Gibco, Invitrogen, Grand Island, NY, USA) 100 U ml À1 penicillin, 100 mg ml À1 streptomycin and 2 U ml À1 L-glutamine (Sigma), and cultured at 37 1C with 5% CO 2 for 48 h. The cell culture medium was collected and centrifuged at 1000 g for 5 min. The attached cells were cultured in conventional DMEM. The cells in suspension were cultured in human fibronectin (Chemicon, EMD Millipore, Billerica, MA, USA)-coated tissue culture plates for the differentiation of EPCs with conventional DMEM or in selection culture medium containing 10% fetal calf serum (Invitrogen), 12.5 U ml À1 heparin, 20 ng ml À1 VEGF 164 (R&D Systems, Minneapolis, MN, USA), 2 ng ml À1 bFGF (Peprotech, Rocky Hill, NJ, USA), 2 ng ml À1 IGF-1 (Biosource, Invitrogen) and 20 ng ml À1 EGF (Peprotech). All cells were cultured for 2 weeks, and the culture media were changed every 3-4 days.
Immunofluorescence
For the identification of EPCs, MNCs were subcultured on 24-well plates and fixed in 2% paraformaldehyde/0.1% Triton X-100 for 10 min. The cells were blocked with 0.5% BSA in PBS for 40 min, and then incubated with 250 ml rabbit antimouse Flk-1 (VEGF-R2; Santa Cruz Biotechnology, Santa Cruz, CA, USA) or rabbit antihuman von Willebrand factor (vWF, Santa Cruz) at 4 1C for 2 h. Goat antirabbit F(ab') 2 (250 ml) conjugated with FITC (Vector Laboratories, Burlingame, CA, USA) was used as a secondary antibody. The ability of live cells to take up fluorescently labeled acetylated-LDL (DiI-Ac-LDL, Biomedical Technologies, Stoughton, MA, USA) was assessed by incubation with DiI ac-LDL (10 mg ml À1 ) for 10 h at 37 1C. The cells were fixed with 2% neutral buffered formalin for 10 min and then incubated with 10 mg ml À1 FITC-UEA-1 (Biomeda Corp, Foster City, CA, USA) at 37 1C for 1h. Rat aortic ECs were used as a positive control, and rat aortic smooth muscle cells were used as a negative control. All staining results were examined and captured by fluorescence microscopy (Leica Microsystems, Buffalo Grove, IL, USA).
Infection of EPCs with Ad.CMV-heNOS or vector Ad.CMV adenovirus
After 2 weeks culture, rat EPCs were infected with Ad.CMV-heNOS, Ad.CMV or Ad.CMV-EGFP adenovirus for 1.5 h, and the adenovirus medium was replaced with culture medium. The EPCs were cultured for 72 h, and the expression of heNOS mRNA and protein was detected by RT-PCR, immunocytochemistry and western blot.
RT-PCR
Total RNA from Ad.CMV-heNOS or Ad.CMV adenovirus-infected EPCs or lung tissue 2 weeks after transplantation was extracted using Trizol reagent (Gibco) according to the standard protocol. The RNA quality was verified using denaturing formaldehyde agarose gel. heNOS mRNA was amplified using the specific primers 
Immunocytochemistry
EPCs were subcultured on coverslips in 6-well plates, infected with Ad.CMVheNOS or Ad.CMV adenovirus as described above, cultured for 72 h and fixed in 2% paraformaldehyde for 20 min. The coverslips were treated with 0.75% H 2 O 2 in PBS at 37 1C for 30 min, blocked with goat serum for 30 min at 37 1C and incubated with mouse antihuman eNOS antibody (BD Transduction Laboratories, Sparks, MD, USA) overnight at 4 1C. The cells were incubated with HRP-conjugated secondary antibody (Sigma) at 37 1C for 30 min, stained with 3,3'-diaminobenzidine (DAB; Ameresco, Framingham, MA, USA) and counterstained with hematoxylin. The coverslips were dehydrated, cleared and mounted. The results were obtained and recorded by light microscopy (Nikon, Tokyo, Japan).
Western blot
Total proteins from various EPCs, human umbilical vein ECs (HUVECs; positive control for eNOS; Cascade Biologics, Invitrogen) and lungs were extracted using the lysis buffer and quantified by BCA protein assay (Bio-Rad, Hercules, CA, USA). Protein samples were separated on 15% polyacrylamide gel and transferred onto nitrocellulose membranes. The membrane was blocked with 5% nonfat milk in TBST for 1 h and incubated with eNOS antibody overnight at 4 1C, followed by the addition of HRP-conjugated secondary antibody for 1 h at room temperature and chemiluminescence detection (Cell Signaling Technology, Danvers, MA, USA). The membrane was stripped, incubated with rabbit antimouse actin (1: 10 000 dilution; Sigma) for 1 h at room temperature, incubated with HRP-conjugated antirabbit secondary antibody and subjected to chemiluminescence detection.
Detection of NO content in EPCs
EPCs (1.0 Â 10 5 ) were subcultured into a 6-well plate and the culture medium was collected 72 h after infection. The NO content was evaluated using a Colorimetric Nitric Oxide Assay Kit (Nanjing Jiancheng
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Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions. The absorbance at 550 nm was recorded and the NO content was determined by the equation NO content (mg ml À1 ) ¼ (sample absorbance À blank absorbance)/(standard absorbance Àblank absorbance) Â standard concentration (100 mmol l À1 ).
Rat model of HPAH and EPC treatment
The male Wistar rats used in the study were anesthetized using 400 mg kg À1 ketamine. Their breathing was supported by tracheal intubation and a ventilator. Thoracic surgery was performed through the right (for right lung lobectomy) or left (for left lung lobectomy) 4th intercostal space, and the right or left lung was exposed completely. For the HPAH model, the bottoms of the superior, middle, and inferior lobes of the right lung and the bottom of the left lung were ligated separately and three experimental groups were established: group 1 (n ¼ 18): the superior, middle and inferior lobes of the right lung were excised; group 2 (n ¼ 15): the left lung was excised; group 3 (n ¼ 15): the superior and middle lobes of the right lung were excised. In control rats (group 4; n ¼ 10), thoracic surgery was performed without lobe resection. All rats were administered penicillin via intraperitoneal injection to prevent surgical infection and monitored for infection, food intake, survival, body weight and activity. To monitor the dynamic changes of PAH formation, we used echocardiography regularly to monitor changes in the internal diameter and pressure of the pulmonary artery and right ventricle. Following the experiments, the arterial systolic pressure (ASP) and systolic pulmonary arterial blood pressure (sPAP) were measured in HPAH rats (n ¼ 18) and control rats (n ¼ 10) using a hemodynamic analyzer (Spacelabs, Issaquah, WA, USA). For these measurements, rats were treated similarly as for the surgical procedures, and the ASP and sPAP were measured through the right common carotid artery and pulmonary trunk, respectively. Lung tissues were collected and stained by Victoria Blue and Ponceau S for examination of lung histology.
For EPC treatment, 40 established HPAH rats were divided into four groups (10 rats per group) 2 weeks after surgery. The rats were anesthetized as described above. The right external jugular vein was exposed, ligated and injected with 5.0 Â 10 5 (in 1 ml PBS) Ad.CMV-heNOS-transfected EPCs (group 1), Ad.CMV-transfected EPCs (group 2), normal EPCs (group 3) or 1 ml PBS (group 4). The ASP and sPAP were measured after 2 weeks, and lung tissues were collected for detection of eNOS mRNA and protein, and for histological analysis.
RESULTS
Induction and identification of EPCs
MNCs from BM were cultured in EPC selection medium. After 3 days of culture, most of the cells were attached to fibronectin-coated dishes and began to differentiate. Cell colonies were observed on day 5. The cells proliferated faster from day 7 to day 10 and formed cord-like structures as EPCs. At 2 weeks, the cells reached 80-90% confluence and formed polygonal structures (Figure 1a ). These cells were subcultured for subsequent experiments. MNCs cultured in conventional medium reached 80-90% confluence but did not form cord- 
Establishment of an HPAH model in rats
To establish an ideal rat model for HPAH, we performed lung lobectomy. To determine an optimal time point for measuring the ASP and sPAP, we regularly monitored changes in the internal diameter and pressure of the pulmonary artery and right ventricle by echocardiography. The internal diameter of the pulmonary artery and right ventricle increased significantly, and tricuspid regurgitation was clearly observed 4 weeks after surgery in group 1 (Supplementary Figure S1 ). These findings indicated the development of pulmonary hypertension, and we therefore set 4 weeks as the time point for measurement of the ASP and sPAP. Four weeks after surgery, there were no striking differences in the ASP among the four groups, whereas the sPAP in group 1 (three right lobes resectioned) was significantly higher than that in the other groups (Po0.01), and its level in group 3 (superior and medium right lobes resectioned) was significantly higher than that in the control group (P ¼ 0.033) (Figure 2A ). The lung histology showed staining by Victoria Blue and Ponceau S. In the rats with right lung resection, the number of muscular pulmonary arteries was clearly higher than that in the control rats, and the thickness 
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of the muscular coat was greater (black arrows, Figure 2B ). Group 1 was therefore considered to be an ideal HPAH model for EPC treatment experiments.
Generation of heNOS-or vector-transfected EPCs and NO production
To study the therapeutic effect of heNOS on HPAH and increase the transfection efficiency, we successfully cloned heNOS into a PSUCMV adenovirus vector to obtain the recombinant plasmid PSUCMVheNOS (Supplementary Figure S2) . We constructed high-titer adenoviruses for PSUCMV-heNOS and PSUCMV vector, and infected EPCs with Ad.CMV-heNOS and Ad.CMV. The expression of heNOS mRNA and protein was examined by RT-PCR, immunostaining and western blot. heNOS mRNA was detected only in heNOS-transfected EPCs; no band was observed in vector-transfected or PBS-transfected or non-transfected EPCs (Figure 3a) . We also examined heNOS protein expression. heNOS-specific bands were detected in heNOStransfected EPCs and HUVECs (positive control) by western blot (Figure 3b) , and a high expression of heNOS protein was observed in over 90% of heNOS-transfected EPCs by immunostaining (Figure 3c ). No heNOS-specific staining or bands were observed in vector-or PBS-transfected EPCs (Figure 3b and c) .
To determine whether heNOS-transfected EPCs had the capacity to produce NO, we measured the NO content in various EPCs by the nitric acid reductase method. The NO production by heNOStransfected EPCs was significantly higher than that by vector-and PBS-transfected EPCs (Po0.01), but was not significantly different from that by HUVECs (Figure 4 ).
Therapeutic effect of heNOS on HPAH in rats HPAH rats were injected through the right external jugular vein with various EPCs, and the ASP and sPAP were measured after 2 weeks. No differences in the ASP were observed among the four experimental groups. The sPAP in the three EPC-treated groups (groups treated with heNOS-EPCs, vector-EPCs and normal EPCs) was significant lower than that in the PBS-injected group (Po0.01), and the sPAP in the heNOS-EPC-treated group was significantly lower than those in the vector-EPC-and normal EPCtreated groups (Po0.01) ( Figure 5A ).
The morphological changes in the four groups were examined by Victoria Blue and Ponceau S staining. In the three EPC-injected groups (particularly the heNOS-EPC-injected group), the number of muscular pulmonary arteries and the thickness of the muscular coat were clearly reduced (black arrows, Figure 5B) .
To evaluate the role of heNOS in decreasing sPAP, heNOS mRNA and heNOS protein were examined in the lungs after 2 weeks. heNOS mRNA was detected only in the lungs of heNOS-EPC-injected rats ( Figure 5C ). heNOS protein was also detected in the lungs of these rats ( Figure 5D ). We examined the expression of heNOS protein in various tissues and detected a strong heNOS band in lung tissues, and weak heNOS bands in heart, liver and kidney tissues ( Figure 5E ).
DISCUSSION
Elevated pulmonary arterial pressure in CHD patients is caused by pulmonary overcirculation, pulmonary vasoconstriction and pulmonary vascular disease, either alone or in combination. 6 High pulmonary venous pressure is an important cause of PAH. pulmonary vascular disease is usually associated with morphological alterations of the pulmonary vasculature, which are one of the most serious complications of CHD. 1 HPAH is a common symptom in CHD patients who have a left-to-right shunt and excessive pulmonary blood flow. 28 Despite significant advances in the therapy of PAH during the past decade, the prognosis remains poor. It has been demonstrated that NO has an important role in the regulation of vascular function, and that its synthase eNOS can reduce MCTinduced PAH in prevention models. 23 A few recent studies indicated that BM-derived EPCs have an important role in the repair of endothelial injury and the alleviation of MCT-induced PAH. 25, 29 However, established animal models cannot realistically simulate HPAH in CHD patients, and it remains unclear whether eNOS and EPCs have important roles in HPAH therapy. The aims of the present study were to establish an ideal rat model for HPAH and to evaluate the effects of BM-derived EPCs and eNOS in HPAH therapy.
As previous studies demonstrated that both eNOS and EPCs can repair endothelial injury in PAH 23, 29 , we assumed that eNOS and Detection of NO production in EPCs following various treatments. NO production was measured using a Colorimetric Nitric Oxide Assay Kit. HUVECs were used as a positive control for NO production.
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EPCs applied together have a synergistic effect that increases their therapeutic efficacy. To successfully transfect the heNOS gene into rat EPCs, we chose adenovirus infection because of its high efficiency in primary cells. Our results from RT-PCR, enzyme digestion and sequencing all confirmed that the heNOS gene was successfully cloned into the PSUCMV adenovirus vector without any mutation. A high titer of heNOS-Ad.CMV was produced and was shown to meet the infection requirements. A previous study indicated that undifferentiated stem cells from BM can differentiate into EPCs following treatment with cytokines, such as VEGF, bFGF, IGF and EGF. 30 We cultured MNCs in selection of DMEM containing FBS, heparin, VEGF 164 , bFGF, IGF-1 and EGF. After 2 weeks, the characteristics of differentiated MNCs were identified using four EPC markers: DiI ac-LDL, UEA-1, vWF and Flk-1. 22, 23, 27 We found that 470% of the cells showed positive staining for EPC markers. Our findings indicate that BM-derived MNCs have a high potential to differentiate into EPCs following treatment with certain cytokines, in agreement with a previous report, 23 and indicate that the EPCs have the high purity required for therapeutic application.
Establishment of an ideal animal model is essential for understanding the pathology and mechanism of PAH, and for developing an optimal therapeutic method. Although certain PAH animal models generated by hypoxia induction and drug induction have been successfully used in therapeutic studies, 24, 25 these models cannot simulate all types of PAH, for example, typical HPAH in CHD patients. Surgical induction has therefore been used to establish PAH in large animals. In the present study, we used lung lobectomy to generate PAH because this procedure decreases the total pulmonary vascular bed, and increases pulmonary blood flow and circulation perfusion pressure, which to a certain extent simulates the effect of left-to-right shunt CHD on pulmonary circulation. We compared sPAP changes following various types of lobe excision and found that the excision of three lobes in the right lung significantly increased the sPAP. The sPAP was also increased by excision of other lobes; this finding is consistent with pulmonary circulation physiology because the three lobes of the right lung account for 50-60% of the total pulmonary circulation. 31 In addition to the sPAP change, we observed morphological changes in microvascular structure 4 weeks after lung lobectomy, indicating that this surgery results in microvascular remodeling. These findings imply the successful establishment of an HPAP model in rats. In comparison with other PAH models, this model closely simulates HPAH in cardiac surgery; however, it cannot be applied to simulate the pathophysiology of HPAH in CHD patients over a long period as a result of lung lobectomy. As pulmonary circulation has the characteristics of high perfusion, low resistance and pulmonary vascular expansion can compensate for the increase of pulmonary blood flow by lung lobectomy over a short period. 32 If pulmonary vascular compensatory expansion exceeds its limit of selfregulation along with time prolongation, the expansion will result in severe impairment of microvasculature structure and function. We observed certain morphological changes of the microvasculature at 4 weeks, indicating that the HPAH induced by lung lobectomy affected pulmonary microcirculation to some extent. Lung lobectomy may therefore provide an ideal HPAH model for short-term studies.
A previous study showed that eNOS-transfected endothelial-like progenitor cells reversed MCT-induced PAH in rats. 23 We transfected heNOS into EPCs using adenovirus infection. Our measurements of heNOS mRNA and heNOS protein confirmed the high expression of heNOS in EPCs. The biological activity of heNOS in EPCs was demonstrated by high NO production in heNOS-EPCs, indicating that the transfected heNOS gene had some role in the EPCs. As the possible involvement of EPCs in pulmonary endothelial repair and regeneration is still controversial, 23, 33 we included experiments with normal EPCs to confirm the results of previous studies. We found that BM-derived EPCs were incorporated into the pulmonary microvasculature and resulted in a significant reversal of HPAH 4 weeks after injection. Nontransfected and vector-transfected EPCs clearly decreased the sPAP; however, only eNOS-transfected EPCs caused a significant reversal of high sPAP in HPAH rats. Thus, EPC therapy also resulted in marked improvement in the pulmonary microvascular architecture; this improvement is attributed in part to the repair and regeneration of lung microvascular endothelium. The expression of heNOS mRNA and heNOS protein was detected only in heNOS-transfected EPCs, and the lung was found to be the major target tissue of EPCs. These findings suggest that eNOS-transfected EPCs have a double role in reducing high sPAP in HPAH rats, and provide further support for the view that microvascular degeneration at the critical precapillary level is the major cause of PAH development.
In summary, we successfully established heNOS-transfected EPCs and an ideal HPAH model in rats, and demonstrated that heNOStransfected EPCs reversed high sPAP in this model. Our findings have important implications for HPAH therapy and support future investigation of regenerative cell-based gene strategies for the treatment of CHD patients with severe HPAH for whom therapeutic options are very limited and the prognosis is poor.
